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In the late 1960s, Wolpert [1]
introduced the French flag
hypothesis as a way of thinking
about how cells can derive
instructive positional information
from the concentration gradient of
a signalling molecule. Such signals,
called morphogens, diffuse from a
point source through a field of
cells. Cells experiencing this
morphogenetic gradient respond
differently between different
threshold concentrations and thus
adopt fates according to their
distance from the source [1,2].
There are many beautiful examples
of morphogenetic gradient
patterning in animals [2] but strictly
speaking, none at all in plants.
Superficially, one of the most
French flag-like patterning events
in plants concerns the role of auxin
in the root tip. Here, what appears
to be a localised point of high auxin
concentration patterns diverse cell
types in the tissue [3]. The
Arabidopsis root is a highly
ordered affair, consisting of
concentric cylinders of cells, with
new cells being added at the distal
root tip [4]. This radial pattern
emanates, by a series of
stereotyped divisions, from a small
group of stem cells which surround
four ‘quiescent centre’ cells at the
heart of the root meristem
(Figure 1). The quiescent centre
has very little mitotic activity itself
but functions to maintain the stem
cell status of adjacent cells. Cells
laid down in front of the advancing
tip differentiate to form the root
cap which protects the quiescent
centre and stem cell niche as they
push through the soil. In the cells
left behind by the growing tip,
division eventually gives way to a
phase of rapid cell expansion
without division which marks the
end of the meristematic zone and
the beginning of the elongation
zone (Figure 1). Elongated cells
then begin to differentiate, marked
most clearly by the appearence of
root hairs [4]. Thus, as well as its
radial organisation, the root has a
more general proximo-distal
pattern of activities.
Previous work from the Scheres
lab [3] showed a high level of
induction of auxin responsive
genes in a tightly focussed region
just below the quiescent centre,
suggesting a point source of auxin.
Various experimental
manipulations to increase, reduce
or move this point were found to
bring about concomitant changes
in cell fate, consistent with a
morphogen-like role for auxin in
root tip patterning [3,5]. But any
similarity to a French flag-type
patterning mechanism turns out to
be entirely illusory. Although stable
gradients of auxin can be found
here and throughout plant
development, it is becoming
increasingly clear that these are
not generated by auxin movement
away from a point source. Instead,
the gradients are established,
maintained, modified or even
completely reversed by a complex
interacting network of auxin
transporters distributed throughout
the region.
Evidence for the dynamic nature
of auxin gradients has come from a
series of seminal papers [5–8], the
most recent of which [9]
demonstrates the existence of a
network of active auxin transport
that recycles auxin around the root
tip. The Blilou et al. [9] paper
focuses on the PIN family of auxin
efflux facilitator proteins. The PINs
are transmembrane proteins and,
in a mechanism which is not
completely understood, they
mediate the active pumping of
auxin out of the cell [10].
Importantly, by means of
asymmetric subcellular localisation
patterns, their activity also confers
a directionality to auxin transport
[10]. At least five PIN proteins are
expressed in specific and partially
overlapping patterns in the
Arabidopsis root [9]. Strangely,
despite the clear importance of
PIN-regulated auxin transport in
root growth indicated by a whole
raft of data [3,5,11,12], single pin
mutants show only relatively minor
defects in root patterning and
growth. Blilou et al. [9] tackled this
paradox by showing that, in certain
single, double and triple pin mutant
combinations, the remaining PIN
proteins are often expressed
ectopically in such a way as to
mask pin mutant defects. This
rather unusual example of gene
family redundancy is most likely
the result of altered auxin
distributions in the pin mutant
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Plant Development: Auxin in
Loops
Concentration gradients of the hormone auxin are associated with
various patterning events in plants. Recent work has refined our
picture of the complex and dynamic system of auxin transport
underlying the formation of these gradients.
compensatory changes in PIN
expression.
It has been known for some time
that PIN proteins mediate two main
directional fluxes of auxin in the
root, funneling it down through the
central vasculature, toward the tip
— ‘acropetal’ flow — and then out
and back up the sides through the
epidermis — ‘basipetal’ flow
[10,13]. This basipetal flow of auxin
has been shown to be an important
component regulating cell
expansion in the elongation zone
[13]. Thus, the auxin maximum just
distal to the quiescent centre is
presumably the result of the steady
state balance of the arrival and
departure of auxin in the root tip. 
Blilou et al. [9] have shown that
this is not the whole story. They
noted that the arrangement of PINs
in the root suggests the existence
of an ‘auxin reflux’ loop, an idea
they tested in an elegant
experiment involving the controlled
induction of additional auxin
synthesis in the quiescent centre
cells of transgenic plants.
Following the induction of
synthesis, they monitored patterns
of auxin response indicated by the
expression an auxin-inducible GFP
reporter (DR5::GFP). Consistent
with the polar orientation of the PIN
proteins, the first signs of elevated
auxin response occur in the central
root cap, just below the site of
induction. DR5-GFP activity then
spreads out and up through the
lateral root cap and epidermis, only
later appearing in the tissues above
the site of induction, completing
the loop [9] (Figure 1). This shows
that the naturally occurring auxin
maximum in the root tip is
supplied, not only by an acropetal
flow of auxin from further up the
root, but also by auxin being
constantly recycled back into the
maximum.
One link between the input
created by the PIN-dependent
accumulation of auxin in the root
tip, adjacent to the quiescent
centre, and the output of cellular
auxin signalling is through the
recently identified PLETHORA
(PLT) genes [14]. PLT1 and PLT2
are essential for the specification
of the quiescent centre and stem
cells [14]. The transcription of
PLT1/2 is auxin-inducible,
providing a ready explanation for
the correlation between the auxin
response maximum in the root tip
and the positioning and activity of
the stem cell niche [14].
Interestingly, in the plt1/2 double
mutant, transcripts of PIN4, the
expression domain of which
normally overlaps with that of
PLT1/2, are almost entirely absent,
and the expression domains of
other PINs are significantly altered
[14]. Thus it appears that PLT1/2
expression feeds back to regulate
PIN transcription. Indeed, it has
been shown that the expression of
several PIN genes is auxin-
inducible [8,15,16] and that PIN
protein activity can also be
modulated post-transcriptionally
by auxin [17], leading further into
the complex world of feedback
loops.
Overall, the Blilou et al. paper [9]
reveals the high level of
sophistication underlying the
formation of auxin gradients in the
root. Changes in PIN expression
which would result in an altered
auxin distribution apparently lead
to further compensatory changes
in PIN expression. Meanwhile,
auxin is continuously looping
through the field of PIN-expressing
cells. So the seemingly stable
pattern of auxin accumulation in
the root is based on a very
complex set of interactions. One
advantage of this dynamic, if
energetic, system is that it can be
rapidly reconfigured to effect
growth responses to environmental
stimuli such as gravity. In the root,
gravitropic bending depends on
differential cell elongation resulting
from differential lateral and
basipetal auxin transport from the
root tip back to the elongation zone
[10,13]. Such changes in auxin
distribution are transitory; once the
root is correctly realigned with the
gravity vector, the status quo, and
hence isotropic growth, is returned.
More dramatic alterations in
established gradients have been
demonstrated where the direction
of auxin flux is completely
reversed. In the very early stages of
Arabidopsis embryogenesis, for
example, a PIN-dependent basal to
apical flow of auxin is required for
the proper specification of apical
fates [6]. This situation holds until
the embryo is 32 cells old when the
direction of auxin transport is
suddenly flipped, establishing a
new gradient which is similarly
required for basal development [6]. 
Another example is in the
initiation and development of leaf
primordia in phyllotactic patterns.
The earliest stages of initiation are
marked by a polar orientation of
PIN proteins pointing toward the
site where the new primordium will
develop [7,8]. This apparent auxin
flux continues and correlates with
an auxin response maximum in the
tip of the primordium as it grows
out. Simultaneously, new PIN
protein signals appear within the
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Figure 1. A schematic
view of auxin movement in
the root tip of
Arabidopsis.
Arrows mark the auxin
reflux loop created by the
arrangement of PIN efflux
facilitator proteins in the
root. The auxin response
maximum in the root cap
(brown), just distal to the
quiescent centre (QC, red),
is shown in blue. The auxin
response maximum posi-
tions the QC and stem cell
niche. Cells laid down
behind the QC continue to
divide in the meristematic
zone (MZ) and then begin a
phase of elongation without
division in the elongation
zone (EZ). The differentia-
tion zone (not shown) is
proximal to the EZ.
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growing primordium in the tissues
which form the vasculature and by
becoming basally localised within
these cells, creating an entirely
new direction of flow [7,8].
These often rapid changes in PIN
polarity within cells would appear
to be greatly facilitated by the fact
that PIN proteins are continuously
cycled between endosomal
compartments and the plasma
membrane [10,18]. This trafficking
of PINs is dependent on the
Arabidopsis ARF guanine nuclotide
exchange protein GNOM [18], but
what is far from clear is how the
changes in subcellular targeting
are signalled. One protein that is
almost certainly involved is the
protein kinase PINOID (PID) [19].
Overexpression and loss-of-
function of PID lead to opposite
effects on the apical-basal
localisation of certain PIN proteins
[20]. Interestingly, PID transcription
is also auxin-inducible, raising the
exciting possibility that auxin could
regulate the dynamic changes in its
own flux [19,20].
Plants differ from animals in that
a large part of their development
occurs post-embryonically and
with continuous reference to
environmental conditions. This
developmental plasticity is a
reflection of the way in which auxin
gradients can be erected,
dismantled, moved around, and
turned upside down. Thus the
French flag can be replaced with
that of the European Union when
it’s politically expedient.
References
1. Wolpert, L. (1969). Positional information
and the spatial pattern of cellular
differentiation. J. Theor. Biol. 25, 1–47.
2. Vincent, J.P., and Briscoe, J. (2001).
Morphogens. Curr. Biol. 11, R851–R854.
3. Sabatini, S., Beis, D., Wolkenfelt, H.,
Murfett, J., Guilfoyle, T., Malamy, J.,
Benfey, P., Leyser, O., Bechtold, N.,
Weisbeek, P., et al. (1999). An auxin-
dependent distal organizer of pattern
and polarity in the Arabidopsis root. Cell
99, 463–472.
4. Benfey, P.N., and Scheres, B. (2000).
Root development. Curr. Biol. 10,
R813–R815.
5. Friml, J., Benkova, E., Blilou, I.,
Wisniewska, J., Hamann, T., Ljung, K.,
Woody, S., Sandberg, G., Scheres, B.,
Jurgens, G., et al. (2002). AtPIN4
mediates sink-driven auxin gradients and
root patterning in Arabidopsis. Cell 108,
661–673.
6. Friml, J., Vieten, A., Sauer, M., Weijers,
D., Schwarz, H., Hamann, T., Offringa, R.,
and Jurgens, G. (2003). Efflux-dependent
auxin gradients establish the apical-
basal axis of Arabidopsis. Nature 426,
147–153.
7. Benkova, E., Michniewicz, M., Sauer, M.,
Teichmann, T., Seifertova, D., Jurgens,
G., and Friml, J. (2003). Local, efflux-
dependent auxin gradients as a common
module for plant organ formation. Cell
115, 591–602.
8. Reinhardt, D., Pesce, E.R., Stieger, P.,
Mandel, T., Baltensperger, K., Bennett,
M., Traas, J., Friml, J., and Kuhlemeier,
C. (2003). Regulation of phyllotaxis by
polar auxin transport. Nature 426,
255–260.
9. Blilou, I., Xu, J., Wildwater, M.,
Willemsen, V., Paponov, I., Friml, J.,
Heidstra, R., Aida, M., Palme, K., and
Scheres, B. (2005). The PIN auxin efflux
facilitator network controls growth and
patterning in Arabidopsis roots. Nature
433, 39–44.
10. Friml, J. (2003). Auxin transport –
Shaping the plant. Curr. Opin. Plant Biol.
6, 7–12.
11. Luschnig, C., Gaxiola, R.A., Grisafi, P.,
and Fink, G.R. (1998). EIR1, a root-
specific protein involved in auxin
transport, is required for gravitropism in
Arabidopsis thaliana. Genes Dev. 12,
2175–2187.
12. Muller, A., Guan, C., Galweiler, L.,
Tanzler, P., Huijser, P., Marchant, A.,
Parry, G., Bennett, M., Wisman, E., and
Palme, K. (1998). AtPIN2 defines a locus
of Arabidopsis for root gravitropism
control. EMBO J. 17, 6903–6911.
13. Rashotte, A.M., Brady, S.R., Reed, R.C.,
Ante, S.J., and Muday, G.K. (2000).
Basipetal auxin transport is required for
gravitropism in roots of Arabidopsis.
Plant Physiol. 122, 481–490.
14. Aida, M., Beis, D., Heidstra, R.,
Willemsen, V., Blilou, I., Galinha, C.,
Nussaume, L., Noh, Y.S., Amasino, R.,
and Scheres, B. (2004). The PLETHORA
genes mediate patterning of the
Arabidopsis root stem cell niche. Cell
119, 109–120.
15. Schrader, J., Baba, K., May, S.T., Palme,
K., Bennett, M., Bhalerao, R.P., and
Sandberg, G. (2003). Polar auxin
transport in the wood-forming tissues of
hybrid aspen is under simultaneous
control of developmental and
environmental signals. Proc. Natl. Acad.
Sci. USA 100, 10096–10101.
16. Peer, W.A., Bandyopadhyay, A.,
Blakeslee, J.J., Makam, S.N., Chen, R.J.,
Masson, P.H., and Murphy, A.S. (2004).
Variation in expression and protein
localization of the PIN family of auxin
efflux facilitator proteins in flavonoid
mutants with altered auxin transport in
Arabidopsis thaliana. Plant Cell 16,
1898–1911.
17. Sieberer, T., Seifert, G.J., Hauser, M.T.,
Grisafi, P., Fink, G.R., and Luschnig, C.
(2000). Post-transcriptional control of the
Arabidopsis auxin efflux carrier EIR1
requires AXR1. Curr. Biol. 10, 1595–1598.
18. Geldner, N., Anders, N., Wolters, H.,
Keicher, J., Kornberger, W., Muller, P.,
Delbarre, A., Ueda, T., Nakano, A., and
Jurgens, G. (2003). The Arabidopsis
GNOM ARF-GEF mediates endosomal
recycling, auxin transport, and auxin-
dependent plant growth. Cell 112,
219–230.
19. Benjamins, R., Quint, A., Weijers, D.,
Hooykaas, P., and Offringa, R. (2001).
The PINOID protein kinase regulates
organ development in Arabidopsis by
enhancing polar auxin transport.
Development 128, 4057–4067.
20. Friml, J., Yang, X., Michniewicz, M.,
Weijers, D., Quint, A., Tietz, O.,
Benjamins, R., Ouwerkerk, P.B., Ljung,
K., Sandberg, G., et al. (2004). A PINOID-
dependent binary switch in apical-basal
PIN polar targeting directs auxin efflux.
Science 306, 862–865.
1Department of Biology, University of
York, Box 373, York YO10 3DH, UK.
2Umeå Plant Science Centre, SLU, S-
90183, Umeå, Sweden. 
E-mail: ssk2@york.ac.uk
Current Biology Vol 15 No 6
R210
Dalit Sela-Donenfeld and 
David G. Wilkinson
An important problem in
developmental biology is to
understand how precise spatial
patterns of cell types are
maintained despite the potential
for rearrangement by cell division
and intercalation. This question
applies to a key phase in the
patterning of many tissues, in
which they are subdivided into
domains, each with a distinct
regional identity that specifies a
particular set of cell types. 
One way in which the precision
of regional patterning can be
maintained is by the inhibition of
cell mixing between domains [1,2].
Two types of mechanism have
been found to restrict cell
intermingling. First, cells can be
confined within a regional domain
because they preferentially adhere
to each other, for example by
homophilic adhesion via
cadherins. A classical
demonstration of this is the sorting
that occurs when cells with
different affinities are mixed,
driven by cells minimising contact
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Sharpen Boundaries
Eph receptors and ephrins can sharpen domains within developing
tissues by mediating repulsion at interfaces. An Eph receptor has
now been shown also to regulate cell adhesion within tissue
subdivisions.
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